Pore-scale simulations of rarefied gas flows in porous media by Ho, Minh-Tuan et al.
Proceedings of the
5th European Conference on Microfluidics – µFlu18
3rd European Conference on Non-Equilibrium Gas Flows – NEGF18
February 28-March 2, 2018 – Strasbourg, France
DRAFT µFLU-NEGF18-136
PORE-SCALE SIMULATIONS OF RAREFIED GAS FLOWS IN POROUS
MEDIA
Minh Tuan Ho1, Lianhua Zhu2, Lei Wu1, Peng Wang1, Zhaoli Guo2, Jingsheng Ma3,
Yonghao Zhang*1
1James Weir Fluids Laboratory, Department of Mechanical and Aerospace Engineering, University
of Strathclyde, Glasgow G1 1XJ, UK
minh-tuan.ho@strath.ac.uk, lei.wu.100@strath.ac.uk, peng.wang@strath.ac.uk,
yonghao.zhang@strath.ac.uk
2State Key Laboratory of Coal Combustion, School of Energy and Power, Huazhong University of
Science and Technology, Wuhan, 430074, China
lhzhu@hust.edu.cn, zlguo@hust.edu.cn
3Institute of Petroleum Engineering, School of Energy, Geoscience, Infrastructure and Society ,
Heriot-Watt University, Edinburgh EH14 4AS, UK
jingsheng.ma@hw.ac.uk
KEYWORDS
tight porous media, shale gas, permeability correction
SHORT SUMMARY
Although the unconventional gas has accounted for 40% of the recoverable resource of natural gas,
its production contributed only 14% of nature gas supply in 2010. This share of unconventional gas
in nature gas provision is expected to rise to 21% and 32% in 2020 and 2035, respectively [1]. To
predict the gas permeability through ultra-tight porous media, gas rarefaction effect which enhances
permeability should be taken into account. In this work, gas flows through samples of porous media
are directly simulated by solving the BGK kinetic equation [2] using Discrete Velocity Method (DVM)
and lattice Boltzmann method (LBM) for a wide range of the Knudsen number. While the LBM
cannot capture rarefaction effect, the results indicate that the resolution of the velocity grid has little
influence on the DVM results for complex geometry, even in the free molecular flow regime.
EXTENDED ABSTRACT
Gas rarefaction effects, which are significant when the number of molecule-surface collisions is com-
parable to that of molecule-molecule collisions, may alter the gas transport mechanism in micro/nano-
pores of porous media. The rarefaction level can be indicated by the Knudsen number Kn, defined
as the ratio of the molecular mean free path λ to the characteristic flow length L.
Kn =
λ
L
, λ =
µ(Tˆ0)
p¯
√
piRTˆ0
2
, (1)
where R, p¯ and µ(Tˆ0) are the gas constant, mean gas pressure and dynamic viscosity of the gas at a
reference temperature Tˆ0, respectively. In this work, rarefied gas flows through 2 dimensional (2D)
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porous media are simulated directly by solving the Bhatnagar-Gross-Krook (BGK) kinetic equation
[2] using Discrete Velocity Method (DVM) and lattice Boltzmann method (LBM) with the diffuse
boundary condition. The numerical data will be compared with the Darcy-type models in terms of
permeability correction.
In order to appropriately compare the pore-scale rarefaction effects in different porous samples
of various sizes, the effective Knudsen number Knl is defined as
Knl =
λ
L∗ =
Kn
L∗/L , (2)
where the average pore size L∗ is defined as
L∗/L =
√
12k∞

. (3)
The intrinsic permeability k∞ (at the hydrodynamic limit Kn→ 0) is obtained by extrapolating from
the apparent permeability ka resulted from the LBM D2Q9 with the bounce-back reflection on solid
surfaces near the hydrodynamic flow regime. The porosity  of a porous model in Eq. (3) is deter-
mined by the ratio of the number of fluid points to the total number of points. Following the work
of Beskok and Karniadakis on the second-order correlation for a straight tube [4], Civan proposed a
second-order correction for tight porous media [5]
ka
k∞
= [1 +αKnl]
[
1 +
4Knl
1 +Knl
]
, (4)
where the empirical coefficient α is correlated with numerical data as follows
α =
1.358
1 + 0.178Kn−0.4348l
. (5)
However, this model, referred to as Beskok-Karniadakis-Civan (BKC) model, was originally derived
for 3D porous media. In order to adapt it to 2D porous media, α should be correlated by channel
flows instead of by pipe flows [4]. In addition, the coefficient 4 in the last term of Eq. (4) is replaced
by 6 for 2D porous media.
Figure 1 demonstrates the consistency of the permeability correction ka/k∞ obtained by all ex-
amined approaches in the continuum limit (Knl . 0.005). However, in the slip regime, the effect of
boundary condition on the LBM simulations can be observed: the LBM data with the bounce-back
and diffuse boundary conditions start to deviate from that of the DVM at Knl ≈ 0.01 and Knl ≈ 0.2,
respectively. By comparing with the DVM data, the analytical slip solution derived from the Stokes
approximation with the Maxwell’s slip boundary condition [6] is valid when Knl . 0.05. The effect
of resolution of the molecular velocity grid of DVM is pronounced when Knl & 3 and the largest
relative discrepancy between D2Q16 and D2Q1600 models is about 192% at Knl ≈ 20.
The 2D micromodel of Berea sandstone [7], see Fig. 2(a), represents a complex porous structure
that leads to highly tortuous flow path. Figure 2(b) indicates that the resolution of velocity grid in
the DVM simulations plays an insignificant role in all the flow regimes for this tight porous sam-
ple. The maximum disagreement in permeability correction between D2Q16 and D2Q1600 models
diminishes to approximately 11% at Knl ≈ 4000. Figure 2(c) compares the permeability correction
for micromodel of Berea sandstone obtained by the direct simulation with the BKC model Eq. (4).
The BKC model with the empirical parameter α = 0, i.e. first-order correction, underestimates the
permeability correction in transitional and free-molecular regimes. However, the BKC model with
α = 2.2, i.e. second-order correction for 2D channel of length-to-height ratio of 20, overestimates the
numerical prediction in the slip regime. It is found that the BKC with α = 0.5 is in good agreement
with D2Q1600.
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Figure 1: Square array of circular cylinder: (a) the white and black regions represent the matrix and
void. The image resolution Nx = 400×800 and porosity = 0.75 ; (b) permeability correction obtained
by the LBM and DVM simulations are compared with the slip analytical solution [6].
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Figure 2: Micro model of Berea sandstone: (a) the white and black regions represent the matrix
and void. The image resolution Nx = 1597 × 1282 and porosity = 0.32; (b) permeability correction
obtained by the LBM and DVM simulations with different velocity grid; (c) BKC model.
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